Global warming experiments using three different 60 km mesh atmospheric global circulation models are studied to characterize ensemble mean future changes in monthly East Asian precipitation for June to August. During the summer, wetting and drying effects due to changes in the mean vertical motion play a key role in future precipitation changes, as does the "wet-get-wetter" effect due to increased moisture. The former processes are related adiabatically to the projected modification of 500 hPa horizontal atmospheric circulation, which is characterized by two cyclonic circulation anomalies extending over the eastern Eurasian Continent (C1) and the western North Pacific Ocean (C2) for each month.
Introduction
As it is now widely accepted that global warming impacts not only regional surface temperature but also precipitation, numerous studies have focused on future changes in regional precipitation patterns in East Asia (Kitoh et al. 1997; Kimoto 2005; Kitoh and Uchiyama 2006) . The zeroth-order approximation for future precipitation change is described via the "wet-gettingwetter" and "dry-getting-drier" effects (Held and Soden 2006) . When precipitation changes are divided into thermodynamic and dynamic effects (e.g., Emori and Brown 2005; Seager et al. 2010) , the thermodynamic effect corresponds to the "wet-getting-wetter" and "dry-getting-drier" effects. However, the dynamic effect is so significant for regional precipitation that it creates differences among future regional monsoons of the world . Applying this division of precipitation change over East Asia to the fifth phase of Coupled Model Intercomparison Project (CMIP5) simulations, Zhou et al. (2018) concluded that the thermodynamic component is robust among the models, whereas the dynamic component with the circulation changes contributes considerable uncertainties to projections of the East Asian summer monsoon.
The dynamical components of moisture decomposition share common characteristics among the models, such as the weakening of the tropical circulation in the future (Vecchi and Soden 2007) . This is the case for the future summer Asian monsoon. For example, in their analysis of the third phase of CMIP (CMIP3) models, Hirahara et al. (2012) suggested a weakening of summer Asian monsoon circulation and shrink of the Tibetan High by decreased upper tropospheric divergence in the western North Pacific. They also reported a projected strengthening of the southern side of the East Asian jet stream and delayed withdrawal of the Baiu under future climate conditions. The above relationship between the future changes in the jet stream and the Baiu is consistent with the theoretical study of Horinouchi and Hayashi (2017) .
The high-resolution Meteorological Research Institute-Atmospheric Global Circulation Model version 3.2, known as MRI-AGCM3.2 (MRI-AGCM3.2H for 60 km mesh and MRI-AGCM3.2S for 20 km mesh), simulates high-skill climatology for summer precipitation over East Asia (Kusunoki 2016) in addition to other atmospheric fields (Mizuta et al. 2012) . This is a necessary condition for the precise estimation of the "wet-get-wetter" effect pertaining to future climate projections. Consequently, MRI-AGCM3.2 has been employed in conjunction with CMIP-derived and observed sea surface temperature (SST) data to explore the detailed patterns of regional climate under global warming scenarios (Kitoh et al. 2016) . Okada et al. (2017) analyzed global warming experiments using the 20 km mesh version of MRI-AGCM 3.2 (MRI-AGCM3.2S) to assess seasonal evolution of atmospheric conditions for the Baiu in the future. They showed that the Baiu frontal zone remains south of Japan in June and that the end date of the Baiu depends on the future distribution of SSTs. In a similar study, Kusunoki (2017) summarized a series of global warming simulations undertaken using various versions of MRI-AGCM3.2, SST changes, and emission scenarios. That study reported a pattern of delayed termination or delayed onset of the East Asian rainy season under future climate conditions, depending on the simulations. Ose (2017) analyzed MRI-AGCM global warming experiments to explain the cumulusscheme dependence of future summertime precipitation over East Asia. In that study, which is based on the Baiu rain-band mechanism of Sampe and Xie (2010) , the authors concluded that simulated future changes in 500 hPa horizontal atmospheric circulation and associated adiabatic vertical motion are attributable to intermodel differences in precipitation change.
The purpose of this study is to interpret projected future changes in monthly June-to-August precipitation over East Asia and summarize their characteristics, following the work of Ose (2017) for the Juneto-August mean; for each month of the summer, the future changes in summer precipitation are decomposed into the "wet-get-wetter" effect due to increased moisture content and the wet and dry effects caused by changes in atmospheric circulation. Key issues include (1) whether the analytical methodology employed by Ose (2017) and the concept of the Baiu rain-band introduced by Sampe and Xie (2010) are applicable to the monthly analysis, (2) the characteristics and predictability of the projected monthly precipitation changes, and (3) the anticipated changes in monthly atmospheric circulation associated with question (2). The results related to points (2) and (3) are potentially valuable for interpreting the output of other global warming simulations. The remainder of this manuscript is organized as follows. Details of the analytical methods are given in Section 2, and the results are given in Section 3. Sections 4 and 5 provide the discussion and summary, respectively.
Experimental data for analysis
In the present study, global warming experiments under the Representative Concentration Pathways (RCP) scenario 8.5 (IPCC 2013) using three different versions of MRI-AGCM3.2H (60 km mesh) (see Table 1d of Kitoh et al. 2016) were analyzed, acknowledging that this grid size is marginal in terms of representing the Japanese Archipelago. Three different versions of MRI-AGCM3.2H were adopted for a three-model ensemble of global warming simulations and are referred to here as the YS, KF, and AS models, for which cumulus schemes of YS, KF, and AS are incorporated, respectively. Specifically, the YS (or YoShimura cumulus) scheme is that presented by Yoshimura et al. (2015) , following Tiedtke (1989) , and the KF scheme is based on Kain and Fritsch (1990) , whereas the AS scheme is that introduced by the prog-nostic Arakawa-Schubert model (Pan and Randall 1998) but modified in 2007 by the Japan Meteorological Agency. Although the statistical significance and the reliability of the models are not focused on in this study, the three-model ensemble is needed to confirm the qualitative commonness and diversity of results among the models.
The global warming experiments consist of two 25-year time-slice experiments. The first comprises a present-day simulation for the 25-year period from 1980 to 2004 under observed monthly SST data, whereas the second considers the period from 2075 to 2099, for which the CMIP5-derived future SST change and trend (Mizuta et al. 2014) have been added to the present-day observed monthly SST. Consequently, the term "future change" is defined here as the difference between 2075 -2099 and 1980 -2004 mean values, whereas the term "climatology" refers to the 25-year mean. Although the results are dependent to some degree on the prescribed future SST changes (e.g., Endo et al. 2012; Kusunoki 2017; Okada et al. 2017) , the present study concerns the three-model ensemble experiments using the CMIP5 ensemble mean SST. The Global Precipitation Climatology Project (GPCP) (Adler et al. 2003 ) and the Japanese 55-year Reanalysis (JRA-55 reanalysis) (Kobayashi et al. 2015) are used for the comparison of precipitation and atmospheric elements between the simulated and the observed present-day climatology.
Results

Three-model ensemble mean of future
precipitation change a. Decomposition into the "wet-get-wetter" effect and the circulation change effect Figure 1 depicts the three-model ensemble mean of present-day precipitation for (a) June-July-August (JJA) mean, (b) June, (c) July, and (d) August, together with their corresponding GPCP observations. The present-day precipitation climatology is important not only for confirming the model performance of the present-day simulation, but also for estimating the "wet-get-wetter" effect in future change. The distribution of simulated JJA precipitation is comparable to the observation data, although the northward extension of precipitation exceeding 4 mm day −1 is relatively weak. The three-model ensemble also reconstructs the seasonal evolution of precipitation in the GPCP dataset; precipitation exceeding 8 mm day −1 features the Meiyu over southern China in June, the Baiu over Japan in June and July, and the Changma over Korea during July and August. Simulated August precipitation appears to be concentrated over the Japanese Archipelago, whereas relatively dry areas (< 2 mm day −1 ) are reproduced in the continental interior. Figure 2 shows the projected changes in precipitation and precipitation minus evaporation in the threemodel mean. Table 1 lists the principal areas in Japan where the changes in monthly precipitation are projected and the consistency among the three models. While the distribution and seasonal progress of future precipitation change over Japan are not simple, most eastern continental regions exhibit a significant increase in precipitation for most months. Exceptions include interior regions through the summer, parts of southern China in July, and eastern Korea in August. It is noted that the future increase in evaporation contributes to that in precipitation by around 0.5 mm day −1 even over East Asia. Equation (1) is a simplified moisture budget for future change in precipitation minus evaporation, following Eq. (2) of Ose (2017):
where ω500 and qs are the vertical velocity at 500 hPa in pressure coordinates and the surface specific humidity, respectively. The terms d ω500 and dqs represent the future changes in ω500 and qs, while dP and dE are the future changes in precipitation and evaporation, respectively, and g is the gravity constant. According to Ose (2017) , this equation represents a good approximation of the anticipated changes in precipitation minus evaporation over East Asia in the MRI-AGCM 3.2H global warming simulations. Figure 3 shows both the right-hand and the left-hand sides of Eq. (1). The similarities between the shading and contours for each month are consistent with the data in Table 1 . Figure 4 depicts the first term on the right-hand side of Eq. (1):
which represents the precipitation change associated with the future circulation change (d ω500). Compared with the right-hand side of Eq. (1) (Fig. 3) , the decrease in precipitation or dry tendency due to downward motion is more intensified in Eq. (2) (Fig. 4) , although similarities between the two outputs can be found for the Southwest Islands of Japan during June and July and for parts of northern Japan in July. Figure 5 shows the projected future changes in vertical pressure-velocity at 500 hPa that is estimated adiabatically according to the thermodynamical calculation at 6-hour intervals based on Eq. (3) for d ω500_6Hdiag, together with simulated changes in the 500 hPa stream function.
b. Changes in atmospheric circulation
where  v and s are the horizontal wind vector and dry static energy, respectively. The vertical derivative of s is calculated between 200 and 850 hPa.
The diagnostically estimated d ω500_6Hdiag is less than approximately half the magnitude of d ω500 (not shown), as reported by Sampe and Xie (2010) and illustrated by Ose (2017) . Aside from the magnitude, a comparison of Figs. 4 and 5 reveals that both the distribution of d ω500_6Hdiag and its seasonal change from June to August capture the first-order features exhibited by d ω500. Figure 6 depicts d ω500_1Mmean_ diag, which is estimated in the same way as d ω500_ 6Hdiag but using 25-year mean monthly fields. The resulting distribution of d ω500_1Mmean_diag is characteristically similar to that of d ω500_6Hdiag.
The current assessment revealed that d ω500_ 6Hdiag and d ω500_1Mmean_diag are consistent with the projected future changes in the 25-year average monthly mean 500 hPa stream function, as indicated by contours in Figs. 5 and 6. Roughly, southerly and northerly winds tend to correspond to adiabatic upward and downward motion, respectively (Ose 2017) . Assuming that these modifications of atmospheric circulation over East Asia are driven remotely by wave propagation or the Asia-Pacific monsoon system, future precipitation changes due to d ω500 (Fig. 4) can be attributed to changes in adiabatic vertical motion, estimated as d ω500_6Hdiag or d ω500_1Mmean_ diag.
In Figs. 5 and 6, the terms "A" and "C" represent major anticyclonic and cyclonic circulation anomalies, respectively, in the future relative to the present-day climatology. These terms, including numbered Cs and As, such as C1 and A1 for each month, are used hereafter in the paper. Specifically, C1 corresponds to the southward shift of westerly winds in the eastern continental areas, and C2 reflects the equatorward shift of the jet stream in the western North Pacific (see Section 4). In terms of influence, C1 and C2 are significant factors in future precipitation patterns over the eastern Eurasian Continent and the Japanese Archipelago, respectively. For instance, the north-south elongation of C1 over the eastern continent results in the occurrence of upward air motion, related to the southerly air flow of C1 over the continent's coastal margin. Specifically, this effect impacts an area stretching from northeastern to central and southern China and Korea for much of the summer.
C2 exhibits an east-west orientation with downward motion over its northern and western sectors corresponding broadly to the Japanese region. During June, C2 extends longitudinally from the western North Pacific to an area south of Japan, with the effect that western and eastern parts of the Japanese Archipelago are largely dominated by predominant descending air. In contrast, upward motion occurs over the sea to the south of Japan. In July, the northward-shifted western edge of C2 spreads over the Japanese Archipelago, resulting in a relatively weak downward motion over most parts of the archipelago, with the exception of some ascending motion in parts of northern and southern Japan. When the western edge of C2 migrates north of Japan during August, the archipelago experiences a descending air flow. While C1 is distributed over the eastern Eurasian Continent through the summer, its latitudinal location changes from its northerly position in June to a more central region in July and a southern locus in August. Southerly winds of C1 indicative of ascending air flow are projected from northeastern China to northern Japan during June and July. Northerly winds of C1 dominate over northern China during June and July. An additional zone of southerly wind flow anomalies occurs between C1 (or C1′) and A2, shifting from southern China in June to central China in July and from northern China to Korea during August. In summary, the seasonal changes in d ω500_6Hdiag in Fig. 5 and d ω500_1Mmean_diag in Fig. 6 can be understood on the basis of future circulation changes such as C1, C1′, C2, and A2, which characterize d ω500 and contribute to the future precipitation change during June to August.
c. Explanation of projected changes in three-modelmean precipitation
A further term for the right-hand side of Eq. (1) is
which represents the "wet-get-wetter" effect depicted in Fig. 7 , which has similar patterns to the present-day vertical motion (ω500) and precipitation: the wetter effect stretching from central China to western Japan in June (Meiyu and Baiu) and its expansion into eastern Japan and Korea from July (Baiu and Changma) to August. The drier effect is found in northern China, especially in August. Figure 8 shows the projected precipitation changes according to the three-model ensemble, as in Fig. 2 , but in relation to future changes in 500 hPa stream functions. A comparison of Figs. 7 and 8 enables the future precipitation regions of Table 1 to be sorted into those in Table 2 , considering contributions from the "wet-get-wetter" effect and changes in atmospheric circulation. For June, the present-day precipitation (Baiu) region of Japan becomes dominated by a drying effect due to descending air flow around C2. Consequently, the simulations project suppressed precipitation over central Japan and enhanced rainfall over southern Japan, including the Southwest Islands, as a consequence of upward motion south of C2.
During July, while C2 and its associated downward moving air flow shift northward, the Pacific side of eastern Japan tends to become wetter. C1 is located at a latitude similar to that of C2, and the ascending air flow zone of C1 spreads over northern Japan and the East China Sea. These changes serve to enhance precipitation in northern Japan and over the Southwest Islands. During August, a descending air flow associated with C2 occurs in a north-south, rather than an east-west direction, leading to drier conditions in the Pacific side of eastern Japan. As C1 distributes in the coastal regions of the continent and A2 develops between C1 and C2, the "wet-get-wetter" effect works effectively away from C1 and C2 domains, bringing enhanced precipitation to western Japan and the Japan Sea side.
In contrast to Japan, future precipitation change is stable throughout the summer months over the continental East Asia. While the "dry-get-drier" effect is comparable in magnitude to increased evaporation Table 1 , based on contributions from the "wet-get-wetter" effect and circulation changes. The bold letters are as in Table 1 .
Month
Increase by wet-get-wetter effect , the C1-induced wet effect is added to the "wet-get-wetter" effect in the eastern continental regions. After all, precipitation is projected to increase significantly for all sectors of continental East Asia, with notable exceptions being interior regions through the summer and parts of southern China in July and eastern Korea during August.
Differences in future precipitation changes among
the three models Figure 9 shows projected changes in precipitation and 500 hPa circulation for the month of June for the three-model mean and YS, KF, and AS simulations. Note that the shading in Fig. 9a represents a complete agreement among the three models with respect to the sign of precipitation change, specifically suggesting by the yellow and blue shadings that all three models indicate positive and negative changes, respectively. While the future changes in precipitation and circulation are model-dependent, the key features depicted in Fig. 8b , such as the existence of C1 and C2, are confirmed for each model in Figs. 9b -d. There is a close agreement, for instance, on the simulated increase in precipitation over southern Japan including the Southwest Islands, which is driven by the upward motion south of C2 (or C1), combined with the "wetget-wetter" effect.
The principal qualitative difference occurs in the KF simulation (Fig. 9c) , in which C2 is shifted away from Japan. Consequently, the associated downward motion and the resulting drying effect do not extend to the Japanese Archipelago. It is indicated in Fig. 9a that the three-model agreement on the future decrease in precipitation over Japan is spotty and that its signal is quantitatively weak. Figure 10 compares the projections among the three models for July, revealing significant inconsistencies over most of Japan, with the exception of some northern sectors and the Pacific margin. The qualitative difference is attributed to the YS model (Fig. 10b) , in which a measurable decrease in precipitation south of Japan conflicts with projections of the other two models as well as the three-model mean. This contrast originates from C2 being located at a lower latitude in the YS model than in the KF and AS models, which results in drier and wetter future in central and north- ) for the month of June (contours). C1, C1′, and C2 denote cyclonic circulation anomalies, whereas A2 represents anticyclonic circulation anomalies. Future changes in June precipitation (mm day ern Japan of the YS model, respectively.
To evaluate the origins of this discrepancy further, simulated changes in horizontal and vertical circulation at 500 hPa are compared among the YS, KF, and AS models and the three-model mean for the AsiaPacific region (Fig. 11) . The terms A0 and A1 indicate anticyclonic circulation anomalies in north of Japan and over South Asia, respectively, in addition to the cyclonic circulation anomalies of C1 and C2 and the anticyclonic circulation anomaly of A2. The relatively low latitude of C2 in the YS simulations might be explained by the following differences among the models. One possibility is that the C2 displacement in YS potentially results from the similarly lowerlatitude position of A0 in that model, assuming that A0 is driven by wave propagation and/or boundary conditions such as land-sea thermal contrast (Wang and Yasunari 1994; Kamae et al. 2014) . Another possibility stems from the notion that the distribution of YS-projected changes in vertical motion over the Pacific is significantly different from those predicted by the KF and AS models. As reported by Endo (2012) , CMIP3-projected changes in East Asian circulation are related to the response of the tropical (Walker) circulation to global warming. While the KF and AS simulations produce downward motion from just north of the equator to the latitudes beyond 20°N, the corresponding one for YS simulation has a more limited latitudinal range lower than 20°N. The YS, KF, and AS convection schemes may respond differently to a given SST forcing and vertically stabilized future atmospheres. Figure 12 is the same as Figs. 9 and 10 except for the month of August. All the three models exhibit C1 and C2 configurations comparable to the three-model mean (Fig. 8d) , with C1 and C2 separated by A2. Therefore, the "wet-get-wetter" effect dominates in western Japan and over the Japan Sea margin during August, where future precipitation increases are broadly consistent. However, the relatively northerly locus of C2 in the KF scheme appears to weaken the drying effect on Japan's Pacific margin, resulting in an uncertainty of future precipitation estimates (Fig.  12a) .
While the pronounced increase in summertime precipitation over the East Asian continent is a robust feature of all three models (see Figs. 9a, 10a, 12a) , there remains a significant disagreement about precipitation changes over Japan. This discrepancy is attributed to the results of the previous analysis: while the "wet-get-wetter" effect and the effects of circulation change are consistent over the eastern continental regions, both the effects tend to be opposite over Japan. 
Discussion
Relationship between C1, C2, and the
Asia-Pacific monsoon circulation C1 and C2 are key characteristics of future changes in atmospheric circulation at 500 hPa, influencing future precipitation in East Asia. As the loci of both patterns are simulated to shift between June and August (Fig. 8) , it is crucial to establish how C1 and C2 relate to the present-day seasonal evolution of atmospheric circulation to better understand future precipitation. Figure 13 shows the 500 hPa zonal-wind velocity simulated for the present day and future (color), together with the observed climatology. According to the observed JJA mean (Fig. 13a) , East Asia experiences two major westerly jets: one stretching from Japan to the western North Pacific and a second centered over the continent itself. Comparing the observed and simulated 8 m s −1 contour data, these midlatitude jets are reproduced well in the threemodel-mean present-day climatology. The observed westerly domain corresponding to the lower-level westerly jet of the South Asian monsoon, which is located north of the equator in the Indian Ocean, is also well simulated. The three-model mean simulates the observed easterly air flow over the northern Arabian Sea, which extends eastward along the northern part of South Asia to the Pacific.
In the present-day simulation and observation in Fig. 13b , the Pacific westerly jet is located south of Japan in June, but it is shifted southward in future climate, which is represented by C2 in Fig. 8b or Fig. 14b . The continental jet in June also tends to strengthen in the midlatitudes and weaken over the northern continental regions in the future, corresponding to C1 in Fig. 14b . Both the easterly air flow over northern India and the westerly flow in the Indian Ocean weaken in future climate simulations, reflecting the declining intensity of the South Asian monsoon. Moreover, the simulated future change of westerly tendency (weakened easterly air flow) over northern India is connected to the southern parts of both C1′ in southern China and C2 in the western North Pacific ( Fig. 14b) .
Compared with the present-day June climatology, the Pacific jet in present-day July is weak and is located slightly to the north (Fig. 13c) . In future climate simulations, the jet shifts southward and forms C2 at a marginally higher latitude than that in June. Concurrently, the future deceleration of the northern part of the Pacific westerly jet extends west toward the continental jet, forming C1 over eastern to southern China (Fig. 8c) . The Pacific jet moves farther north during August and merges with the strengthened continental jet (Fig. 13d) . The projected C2 extension, which indicates a southward shift of the Pacific jet under future conditions, is limited east of Japan, in contrast to June and July projections (Fig. 8d) . The westerly and easterly air flows centered over southern China and South Asia, respectively, are simulated to weaken in the future, leading to the formation of the August C1 (Fig. 14d) .
The projected C2 seems to be the diminished northward migration of Asia-Pacific monsoon circulation (Fig. 14) . This feature is consistent with diagnostics of the delayed northward migration of the upper-level Pacific jet (Fig. 15) . C2 can be regarded as a manifestation of the weakened Asia-Pacific monsoon circulation, as suggested by Hirahara et al. (2012) .
In contrast, the development of C1 in future simulations indicates cyclonic circulation anomalies over the eastern continent, a pattern that changes its location to southern regions over the course of the summer (Fig. 14) . Projected changes in the 200 hPa midlatitude jet over the eastern continent, are simply a southward shift from the present-day position, which are similar to the changes in the jet over the western North Pacific (Fig. 15) . Although the future changes in upper-level and lower-level circulations (Figs. 15,  16 ) in the midlatitudes are basically cyclonic and consistent with C1 (Fig. 14) , the C1 pattern seems to be more similar to the lower-level circulation pattern than to the upper-level circulation, especially for August. For southern regions, C1′ in June and C1 in July and August share a southerly wind component with A2. The development of the A1 and A2 patterns at 500 hPa over South Asia, depicted in Fig. 14 , is related to the lower-level circulation of a weakened South Asian monsoon such as the weakening of climatological westerly jet, heat-low and even precipitation in South Asia (Fig. 16) . These can be regarded as a response August. C1, C1′, and C2 denote cyclonic circulation anomalies, whereas A0, A1, and A2 are anticyclonic circulation anomalies.
to suppressed tropical uplift under future conditions (Fig. 14) . Interestingly, cyclonic circulation anomalies C0, seemingly a heat low in the future changes, are found at 500 hPa over the Tibetan Plateau and high lands in the north of A1 (Fig. 14) . The projected westerlies between C0 and A1 are accompanied by an increase of upward motion and precipitation over northeastern South Asia (Figs. 14, 16) . Similarly, C1 and C1′ during June to August may be formed by increased land surface temperatures under global warming summer, which are larger than those over the oceans (Endo et al. 2018) .
Asia-Pacific monsoons are affected by global warming through many processes, such as land-ocean heat contrast, SST distribution, and convective activity (e.g., Endo et al. 2018; Ose and Arakawa 2011) . Therefore, future changes in Asia-Pacific monsoons are not necessarily similar to their interannual variations or to their seasonal changes. How to describe the future changes in Asia-Pacific monsoons may be dependent on their definitions. The projected southerly winds at the upper level of East Asia (Fig. 15) are against the present-day climatological northerly winds.
This fact clearly indicates weakened Asia-Pacific monsoons in East Asia in view of meridional winds in East Asia. The future change toward northerly winds over the ocean at the lower level of East Asia (Fig. 16 ) is a reverse of present-day climatological southerly winds, also indicating weakened Asia-Pacific monsoons. However, the strengthened southerly winds are projected over some regions of the eastern continent at the lower level (Fig. 16) , suggesting strengthened Asia-Pacific monsoons.
In summary, while the projected C2 seems to be consistent with the delayed northward migration of the upper-level Pacific jet (Fig. 15) , C1 is more similar to the future change in the lower-level circulation (Fig.  16 ) than in the upper-level one (Fig. 15 ). An inference is that the southerly wind zone of C1 is part of the low-level strengthened monsoon circulation over the eastern continent, whereas the northerly wind zone of C2 reflects the weakened Asia-Pacific monsoon circulation over the western North Pacific.
Differences among the models in projections of
future precipitation While the model-dependent positions and exten- . C denotes cyclonic circulation anomalies, whereas A is anticyclonic circulation anomalies.
sions of C1 and C2 give rise to clear inconsistencies among projections of monthly mean precipitation over Japan, such discrepancies are not evident over the eastern continental regions, as described above. The principal reason for this difference is that anticipated changes in Japanese precipitation are highly sensitive to the effects of C2, which tend to cancel the "wet-getwetter" effect.
Future atmospheric conditions in detail, such as magnitude and locations of C1 and C2, are apparently uncertain because of many unknown processes involved in future changes, compared with the present-day climatology simulations to be confirmed in modeling processes and the moisture increase in future warmer climatology. For example, the YS-simulated movement of C2 during June to July is contrary to the simple northward shift predicted by the ensemble mean (Figs. 9, 10 ). While it might be possible to explore the cause of such inconsistencies, this does not necessarily lead to the identification of the most appropriate model for projecting future climate. Furthermore, any assessment of anticipated atmospheric circulation must include uncertainty due to future SST changes and interannual atmospheric variability.
Summary
Global warming simulations undertaken using MRI-AGCM3.2H provide the basis for estimating likely changes in monthly summer (June to August) precipitation over East Asia. The common qualitative characteristics of projected monthly precipitation were assessed by analyzing the three-model ensemble of the YS, KF, and AS cumulus schemes. Rather than focusing on the statistical significance of output and model reliability, the objective of this study was to provide a refined understanding and qualified explanation of future summer precipitation changes, as such understanding may be useful in assessing the findings of subsequent model runs. The main conclusions are summarized as follows.
The general features of projected changes in summer precipitation in East Asia are summarized as follows:
• The wet and dry effects related to projected changes in mean vertical motion, as well as the "wet-getwetter" effect driven by an overall increase in moisture, are fundamental processes in the simulations of future precipitation patterns over East Asia.
• Future changes in the mean vertical motion are . Green contours indicate high lands over 850 hPa level. C denotes cyclonic circulation anomalies, whereas A is anticyclonic circulation anomalies. attributable to those of the mean adiabatic vertical motion, as estimated from 25-year monthly average horizontal circulation at 500 hPa. This result is consistent with the study of Ose (2017) based on Sampe and Xie (2010) .
• Over Japan, summer precipitation is projected to decrease in response to downward-motion tendency, which tends to cancel out the "wet-get-wetter" effect in the present-day Baiu region. This offset process leads to a large uncertainty due to model dependence, concerning whether precipitation increases or decreases regionally. For the regions of Japan dominated by both the "wet-get-wetter" effect and an anticipated change toward upward (or weak) motion, all three models predict an overall increase in precipitation consistently.
• Over the majority of continental East Asia, summertime precipitation is projected to increase in response to both the upward-motion tendency and the "wet-get-wetter" effect, as well as the increased evaporation.
Summaries for future changes in monthly summertime atmospheric circulation over East Asia are given as follows:
• The simulated future changes of horizontal atmospheric circulation at 500 hPa are characterized by two cyclonic circulation anomalies: one oriented north-south over the eastern continent (C1) and the other extending east-west over the western North Pacific Ocean (C2). By comparison to the presentday climatology, it is inferred that the southerly wind zone of C1 is part of the low-level strengthened monsoon circulation over the eastern continent in East Asia, whereas C2, indicating the delayed migration of the Pacific jet and northerly air flow in East Asia, reflects the weakened Asia-Pacific monsoon circulation over the western North Pacific under global warming conditions. • Between June and August, the western edge of C2
shifts from a position south of Japan to northernmost Japan, representing delayed northward migration or southward shift of the westerly jet over the western North Pacific. Most regions of Japan are impacted by the northerly air flow of C2 during the summer months, indicating drier effects due to the downward-motion tendency in Japan against the "wet-get-wetter" effect in East Asia. • C1 distributes over northeastern China in June and central and southern China in July and August, respectively. C1 appears to be more closely related to projected changes in the lower circulation (850 hPa) than the upper westerly jet (200 hPa). As most eastern continental regions are located in the southerly wind zone of C1 during the summer, future conditions are likely to include the upward-motion tendency, indicating increased precipitation.
The projected monthly precipitation changes over Japan are summed up as follows:
• During June, C2 is simulated to expand eastward from a position south of Japan, indicating a likely southward shift of the westerly jet and Baiu precipitation in future years. While this process may result in decreased precipitation in central Japan, precipitation is projected to increase over southern Japan via the "wet-get-wetter" effect, particularly pronounced over the Southwest Islands with the help of the C2-derived southward shift of the Baiu.
• The eastward expansion of C2 during July, from its locus over central Japan, suggests a possible future decrease in precipitation over parts of central Japan, whereas the "wet-get-wetter" effect serves to increase precipitation in the northern area and Pacific side of the archipelago. Furthermore, the positioning of C1 over central China also tends to enhance precipitation over the Southwest Islands and western Japan, in addition to parts of northern Japan.
• During August, a dry effect related to the downward-motion area of C2 drives a decrease in precipitation on the Pacific margin of Japan in the future. However, this process is restricted to eastern Japan, whereas western Japan and possibly the Japan Sea side of Japan are projected to experience increased precipitation under the "wet-get-wetter" effect.
The monthly precipitation changes over the eastern continent are summarized as follows: • In June, the "wet-get-wetter" effect is projected to impact the present-day Meiyu region of southern China, whereas the "dry-get-drier" effect will likely influence northern China. Combined with the wet effect of C1′ centered over southern China, precipitation is projected to increase significantly there in future years. Consequently, the upward-and downward-motion tendencies of C1 produce contrasting wet and possible dry conditions over northeastern and central-interior China, respectively. • In July, while the "wet-get-wetter" effect appears over northeastern China, central China, and Korea following the present-day precipitation pattern in July, the "dry-get-drier" effect exists but weakens over northern China. The upward-motion tendency of C1 contributes to wetter future climatology in northern China. Ultimately, a general increase in precipitation is anticipated from northeastern China to central China and Korea.
• During August, the general weakening of the "wetget-wetter" effect over the eastern continent is countered by sustained upward motion east of C1 in central China, so that a general increase in precipitation is projected from northeastern China to central China and Korea.
This study was conducted using three versions of MRI-AGCM with different cumulus schemes, in order to exploit their high resolution and demonstrated efficacy for simulating present-day conditions over East Asia. The three models produce a high degree of consistency among their respective simulations of future precipitation and atmospheric circulation under global warming conditions. Nonetheless, those may not have enough diversity in model performances. In atmosphere-ocean coupling, it is possible that daily SST fluctuations influence convective precipitation, which is not considered in the MRI-AGCM simulations. Therefore, comparative studies of projected global warming impacts using, for example, CMIP5 and the forthcoming sixth phase of CMIP (CMIP6), are warranted, although much attention should be paid to the realization of simulated SST fluctuations as well as their present-day climatology simulations.
